ABSTRACT A wideband circularly polarized (CP) cross-dipole antenna with parasitic elements is proposed. The proposed antenna consists of a pair of driven crossed strip dipoles, two kinds of parasitic elements (inner and outer parasitic elements), and a pair of vacant-quarter printed rings. The driven crossed strip dipoles can generate a CP mode due to the sequential phases given by the vacant-quarter printed rings. Another CP mode can also be stimulated by placing these parasitic elements to the edge of crossed strip dipoles. By combining with two CP modes of the cross-dipoles, the proposed antenna achieves a wideband CP performance. The measured results indicate that the proposed antenna exhibits wideband CP characteristics with an impedance bandwidth (IBW) of 77.6% (1.11 -2.52 GHz) and axial-ratio bandwidth (ARBW) of 66% (1.25 -2.48 GHz). The proposed antenna would be suitable for CP applications in wireless communication systems, such as the global positioning system (GPS; 1.575 GHz) and wireless broadband access service (WiBro; 2.3 -2.39 GHz).
I. INTRODUCTION
Due to the superior capabilities of mitigating polarization mismatch and reducing multipath effects, circularly polarized (CP) antennas have been extensively employed in various current wireless communications [1] , [2] , such as satellite communication, wireless local area network (WLAN) [4] , [5] , and the global positioning system (GPS) [6] . On the other hand, wideband CP antennas have been designed massively over years in order to satisfy the requirement for high-speed data processing and transmission.
Crossed dipole antenna is one of the preferable candidates for the realization of a broadband CP operation due to its superior circular polarization performance. In recent years, various shapes of cross-dipole antennas have been developed to enhance the CP bandwidth [1] - [18] . For example, a vacantquarter double-printed ring sequentially rotated feeding configuration that can provide quadrature signals has been widely used in the broadband CP cross-dipole antenna design in [1] - [18] . A printed strip-shaped cross-dipole antenna [1] was developed to obtain wideband CP bandwidth of 15.6%. Based on [1] , different parasitic elements are also often utilized
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to broaden the CP bandwidth, such as magneto-electric dipoles (26.8%) [2] , asymmetrical cross-loop (53.4%) [3] , dual square cavity (66.7%) [4] , parasitic loop resonators (28.6%) [5] , four rotating circular dipoles (47.8%) [6] and parasitic triangle patches [7] .
Besides using these parasitic elements, modified crossdipoles [8] - [13] are another effective way for realizing wide CP radiation. In [8] , a 3-dB axial-ratio bandwidth (ARBW) of 24% was obtained by adopting a couple of rectangular cross-dipoles. Similarly, asymmetric bowtie cross-dipoles, stepped rectangular cross-dipoles, elliptical cross-dipoles, slot-loaded rectangular cross-dipoles and barbed-shaped bowtie cross-dipoles in [9] - [13] were used to achieve 3-dB ARBW of 51%, 55.1%, 96.6%, 23.2% and dual-band of 19.3% and 33.8% respectively.
Previous works [14] - [18] reveal that the bandwidth of the CP antenna can be further broadened by combining parasitic elements with modified cross-dipoles. A 3-dB ARBW of 58.6% [14] was obtained by applying one bowtie-shaped parasitic element into crossed bowtie dipoles. Similarly, half ellipse dipoles antenna with a parasitic patch was designed in [15] , realizes 68.6% 3-dB ARBW. In [16] - [18] , a crossslot-bowtie dipole loaded with four parasitic bowtie patches, a trapezoidal cross-dipole loaded with identical four parasitic horizontal triangle patches and a cavity-backed crossed bowtie dipole with four inverted L-shaped parasitic elements are presented in turn, due to these parasitic elements can generate additional CP mode, these modified cross-dipoles with parasitic elements achieve 3-dB ARBW of 90.9%, 63.4% and 74.1% respectively.
In this paper, a new wideband cross-dipole CP antenna with parasitic elements is developed. The proposed antenna consists of a pair of driven crossed strip dipoles, two kinds of parasitic elements (inner and outer parasitic elements), and a pair of vacant-quarter printed rings. The driven crossed strip dipoles can generate a CP mode due to the sequential phases given by the vacant-quarter printed rings. Another CP mode can also be stimulated by placing these parasitic elements to the edge of crossed strip dipoles. By combining with two CP modes, the proposed antenna achieves a wideband CP performance. The proposed antenna has the advantages of wide 3-dB ARBW of 66%, and −10-dB IBW of 77.6%. Since the presented antenna is compact and has a broad 3-dB ARBW covering GPS L1 (1.575 GHz) and WiBro (2.3-2.39 GHz), it would be suitable for CP applications in wireless communication systems. dipoles (L 3 × W 3 ) and two kinds of parasitic elements (inner and outer parasitic elements). Both the inner and outer parasitic elements consist of four square-shaped patches with two diagonally opposite truncated corners. The inner and outer radii of the vacant-quarter printed ring is R 0 and R 1 , respectively. In experiment, inner parasitic elements with capacitive coupling are placed at the edge of driven crossed strip dipoles, however, outer parasitic elements with coplanar waveguide feed are arranged at the end of driven crossed strip dipoles. As shown in Fig. 1 , these elements are fabricated together on both sides of the substrate. The distance between inner parasitic elements and driven crossed strip dipoles is G, and the distance between inner and outer parasitic elements is L 4 . In practice, the antenna is soldered above a square ground reflector (L × L) and center-fed by a single 50-coaxial cable. To produce a unidirectional radiation pattern with a wide CP bandwidth, the square ground reflector is placed underneath the substrate with a distance of H 1 = 36.2mm (about free-space quarter-wavelength at the center frequency of CP bandwidth). The photographs of fabricated antenna are presented in Fig. 2 . Finally, the dimensions of the antenna are optimized by adopting ANSYS HFSS full-wave simulator and the optimized geometrical parameters are listed in Table 1 .
B. ANTENNA MECHANISM
In this part, the bandwidth enhancement mechanism of the presented antenna is demonstrated by comparing four different evolutionary prototypes as shown in Fig. 3 , Ant. 1 is two driven crossed strip dipoles, Ant. 2 two crossed strip dipoles with four outer parasitic elements, Ant. 3 two crossed strip dipoles with four inner parasitic elements; Ant. 4 two cross-dipoles with parasitic elements. The simulated |S 11 | and AR results of these antennas are presented in Fig. 4(a) , Fig. 4(b) , respectively. First, it can be seen that Ant. 1 has a narrow impedance bandwidth (IBW) and an AR resonance point at 2.15 GHz due to a 90 • phase difference between the adjacent dipoles. Second, for Ant. 2 with four outer parasitic corner-truncated square-shaped patches, the IBW and ARBW of the antenna shift towards low frequency, and a new minimum point AR resonance point appears at 1.18 GHz. Third, for Ant. 3 with four inner parasitic corner-truncated square-shaped patches, the IBW and ARBW of the antenna are improved significantly and shift towards high frequency. Forth, for Ant. 4 with parasitic elements, the antenna exhibits a wide 3-dB ARBW up to 68.5% (1.20-2.45 GHz) and a wide −10 dB IBW up to 76.1% (1.10-2.45 GHz). To clarify the mechanism of the proposed antenna (Ant. 4), the simulated vector surface current distributions on the proposed antenna at 1.3, 1.8 and 2.4 GHz are shown 
in Fig. 5(a) , (b) and (c), respectively. In the low frequency, the resonance is mainly determined by the outer parasitic elements. In Fig. 5(a) , it can be observed that the current directions in 0 • and 90 • are orthogonal. Thus, the antenna radiates CP wave. A similar phenomenon is found in Fig. 5(c) , where the resonance in the high frequency is determined by the crossed strip dipoles. In Fig. 5(b) , although all radiation elements are excited at the same time with different current directions, total current direction is orthogonally fixed at 0 • and 90 • . Thus, the antenna is CP in the middle frequency. Moreover, the surface current flows in a clockwise direction at the two phases, indicating that the radiation at 1.3, 1.8 and 2.4 GHz are left-hand circularly polarized waves (LHCP).
C. ANTENNA PARAMETER ANALYSIS
A parameter study is performed to clarify the impact of the antenna dimensions on the CP performance. Here, the dimension of the outer parasitic elements (L 1 × W 1 ), the dimension of the inner parasitic elements (L 2 ×W 2 ), the gap (G) between crossed strip dipoles and inner parasitic elements and the distance (L 4 ) between inner and outer parasitic elements are analyzed by ANSYS HFSS. Fig. 6 depicts these effects on ARs. It can be observed that the ARs change slightly with different pairs of L 1 and W 1 in Fig. 6(a) . Instead, Fig. 6(b) shows that the ARs vary greatly with different pairs of L 2 and W 2 in the whole frequency band. This is because the inner parasitic elements play an important role on adjusting and reducing the ARs, consistent with the results of Fig. 4 . It can be seen that the ARs are significantly improved when the value of G is properly selected in Fig. 6(c) . This is because the gap has a significant influence on the coupling between the inner parasitic elements and the crossed strip dipoles. Fig. 6(d) shows the influence of the distance (L 4 ) between the inner and outer parasitic elements on ARs. When L 4 equals 2.35 mm, the widest ARBW is obtained. Finally, the comparison between the proposed and the published CP cross-dipole antennas is shown in Table 2 , indicating that the antenna has a wider CP performance. Fig. 7(a) shows the comparison between the measured and simulated reflection coefficients. The measured and simulated −10-dB IBWs are 77.6% (1.11-2.52 GHz) and 76.1% (1.10-2.45 GHz), respectively. Fig. 7(b) depicts the measured and simulated 3-dB ARs. It can be observed that the measured and simulated 3-dB ARBWs are respectively 66% (1.25-2.48 GHz) and 68.5% (1.20-2.45 GHz), which is within the −10-dB IBWs. It is noticed that the measured results slightly shift towards high frequency compared with simulated results. This discrepancy between measurement and simulation could result from the fabrication and measurement errors. The measured and simulated broadside gains are plotted in Fig. 8 for comparison. The maximum gain is 8.4 dBic at 1.8 GHz. In addition, the measured and simulated normalized radiation patterns in the two principal planes (xoz and yoz) at 1.3, 1.8 and 2.4 GHz are plotted in Fig. 9 respectively. The radiation patterns are stable with across the operating frequency and the left-hand circular polarization (LHCP) patterns are observed in agreement with the simulated results of the surface current distribution (Fig. 5) .
III. EXPERIMENTAL RESULTS

IV. CONLUSIONS
In this paper, a new wideband circularly polarized (CP) cross-dipole antenna with parasitic elements is developed. The proposed antenna consists of a pair of driven crossed strip dipoles, two kinds of parasitic elements (inner and outer parasitic elements), and a pair of vacant-quarter printed rings. The measurements show that the proposed antenna exhibits CP characteristics of an −10dB IBW up to 77.6% (1.11-2.52 GHz) and a 3-dB ARBW up to 66% (1.25-2.48 GHz). The proposed antenna features compact structure and broad CP bandwidth, indicating the potential applications in wideband wireless communication systems. 
